With the combination of a molecular combing technique and scanning probe lithographic patterning, -DNA wires were stretched and aligned to form parallel lines on a patterned organic monolayer surface. The patterned organic monolayer was composed of hydrophilic aminopropyltriethoxysilane (APS) in the middle of hydrophobic octadecyltrichlorosilane (OTS) on a silicon surface. The stretching and alignment of -DNA wires were induced along the lines of the APS layer which attracted -DNA through a coulombic interaction at an early stage of the combing. Weaker van der Waals interaction with the OTS layer induced a settlement of the wire after the sample was dried. The aligned structures were confirmed by tapping-mode atomic force microscope images, aided by positively-charged gold nanoparticles exclusively attached to the DNA backbone.
Introduction
Alignment of nanowires on a surface into a desired direction is a crucial technique in developing nanodevices. In most methods for this purpose, a specific interaction between a surface and a nanowire is induced by grafting the surface with a specific functional group of molecules, and the orientation of the nanowire is dictated by an external force exerted by flow, electric field, optical field, and other sources. When the surface is grafted by patterning into two different layers whose interaction forces with the nanowire are markedly different, a selective binding and alignment along the pattern can be achieved. To illustrate this idea, carbon nanotubes were selectively bound and aligned along the patterns of amine-terminated molecular layers. 1, 2) Similarly, Lieber's group succeeded in aligning InP and GaP nanowires into parallel and crossed arrays. 3) In case DNA wires are to be aligned on a grafted surface, the facts that DNA's are vulnerable to the chemical nature of the environment and that they form a random coiled structure in aqueous solution should be considered. Therefore, the objective of this paper is to report a method by which -DNA wires can be aligned on a grafted and patterned surface into a specific direction.
Key techniques in this method are generally called ''molecular combing'' developed by Bensimon's group, [4] [5] [6] [7] in which a drop of DNA solution on a grafted surface is dragged by a sliding glass or the grafted substrate is pulled out of the DNA solution. When the speed of pulling-out and the concentration of the solution are optimized to balance the DNA-surface interaction and the air-water surface tension, nearly all DNAs can be stretched and aligned on the surface largely parallel to one another. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Our important contribution to this method is surface patterning by atomic force microscope (AFM) lithography to form a hydrophilic layer region in the middle of a hydrophobic region, expecting that DNA is attached solely to the hydrophilic region. The hydrophobic layer in our work is an octadecyltrichlorosilane (OTS) self-assembled monolayer and the hydrophilic layer is an aminopropyltriethoxysilane (APS) monolayer. The AFM lithographiy method in our work is based on the anodization of a silicon surface to form oxidized silicon followed by the replacement of the monolayer in the oxidized region. Using this method, Yoshinobu et al. 14) succeeded in immobilizing biomolecules on patterned silicon surfaces. The lithographic pattern in this work is parallel lines. Therefore, if the direction of combing is along the patterned lines, we expect a near-perfect alignment of DNA wires whose intervals are predetermined. Figure 1 summarizes the scheme of our method.
Methods and Procedure
The general experimental methods and procedure are as follows. First, a 0.3-mm-thick silicon substrate, cut 5 Â 5 mm 2 , was sonicated with triply-deionized water and with acetone. Then, the substrate was immersed into a piranha solution ( layer OTS was formed [ Fig. 1(a) ], as confirmed by spectroscopic ellipsometry and AFM (SII, SPA400). AFM lithographic patterning was performed by anodizing the OTS/Si surface in a contact-mode scan in ambient conditions with a humidity of 40 -50%. The cantilever (CrAu-coated silicon tip from Mikromasch) was biased at À9:9 V with respect to the sample during the anodization. Typically, 19 parallel lines of oxide were programmed to be drawn in an area of 20 Â 20 mm 2 , and subsequently the drawn pattern was confirmed with the same AFM apparatus. The width and height of the oxidized lines ranged between 90 -200 and 4 -5 nm, respectively, depending on the speed of the scan [ Fig. 1(b) ]. During this process, the OTS molecules in the oxidized region must have been stripped out. Then, the sample was rinsed again, and immersed into a 0.1 mM APS solution of anhydrous toluene for 30 min to implant APS in the oxidized region [ Fig. 1(c) ].
For combing, the direction of the APS/SiO x lines was made parallel with the side edges of the silicon substrate. First, a 5 Â 5 mm 2 silicon substrate was positioned approximately at the center of the AFM scanner. Then, a transparency film, marked with squares of several sizes, was placed on the silicon substrate while a line in the marks was aligned with a side of the substrate. By looking through an optical microscope of the AFM, the substrate was repositioned to lie parallel with the scanning direction.
The original solution of -DNA (BioLabs, 48.5 kbp, 500 mg/mL) was first diluted by a factor of 50,000 with a buffer solution containing 1 mM EDTA and 10 mM TrisHCl, pH 8.0. 500 mL of the diluted solution (10 ng/mL DNA) was transferred into a tube, whose inner diameter is 9 mm, and used for combing.
For the combing, a custom-made dipping/pulling machine was used. A substrate holder, shaped similar to a pincette, has the width of 5 mm, so that the side edges of the silicon substrate can be easily aligned with the holder edges. The substrate holder was connected to a linear stage, whose translation velocity can be varied. The silicon substrate was translated into the tube that contains 500 mL -DNA solution until the whole substrate was immersed. After 10 s, the substrate was translated out at the same speed. The optimal speed of the translation was found to be 32 mm/s, or the speed of the receding water meniscus was 50 mm/s. After the combing, the sample was washed with the buffer solution and with water to remove solid salts and weakly-boundDNAs in the OTS region.
Structures in this work were confirmed with the same AFM apparatus in a tapping mode. Usually, the presence of DNAs, especially those sitting on the APS/SiO x region, was not very clear since the bare DNA wires were too thin. One method of increasing the thickness of the DNA wires would be attaching nanoparticles to their backbone. As the DNA chain is highly anionic, positively-charged gold nanoparticles were synthesized. 0.5 mL of 0.1 M aniline and 25 mL of 0.03 wt % HAuCl 4 were mixed and heated to 80 C for 20 min. After the precipitates of the product were removed, the clean violet solution was centrifuged at 15,000 rpm and 5 C for 30 min. The upper aliquot, containing gold nanoparticles whose diameters ranged from a few nm to about 20 nm as identified by TEM, was used to stain -DNA wires.
Results
Before combing on the patterned surfaces, we attempted a rough manual combing, in which a silicon substrate grafted with APS only (without patterning) was grabbed with a pincette at its edge and was dipped into the DNA solution followed by a rather slow withdrawal. The speed and direction of the dipping and withdrawal were controlled manually, and therefore inevitably erratic. Nevertheless, the stretching and orienting of -DNA wires were partly achieved. When the second combing was carried out vertically with respect to the first one, a rough network structure of -DNA wires was formed (Fig. 2) . Therefore, we confirmed that -DNA wires can be stretched and aligned effectively on the hydrophilic APS/Si surface. We never achieved such effects on the hydrophobic OTS/Si surface.
The custom-made dipping/pulling machine provided the accurate direction and consistent speed for the combing. The line patterning by lithography maximized its capability by guiding the binding of DNA into the APS region. Figure 3 shows the AFM images of the -DNA wires aligned along the patterned lines of APS/SiO x , which correspond to Fig. 1(d) . Figure 3(a) shows the whole fabrication area, in a 20 Â 20 mm 2 window. The direction of the air-water interface recession upon combing was from the top to the bottom of this image. The brightness in the straight lines is mostly due to the outgrown oxidized silicon, so that the presence of DNA on top of it is not very clear. Figure 3(b) is a finer image of the same sample in the middle of a bright oxidized line, at 8 mm from the top of Fig. 3(a) . The brighter object in the middle of the bright column should be a -DNA. Figure 3 (c) is a finer image near the bottom of the oxidized lines, where clinging parts of the -DNA wires are found extending out to the OTS region. The lengths of the parts that extended into the OTS region are 6 AE 2 mm, while the length of the stretched -DNA is estimated (following 2.3 kbp/mm) 6, 10) to be 21 mm. Therefore, the anchoring positions of the -DNA wires are estimated to be about 5 AE 2 mm from the top of the APS/SiO x lines. The crosssections of the exposed -DNA parts show a width of 2 AE 0:5 nm and a height of 1:3 AE 0:5 nm. However, these numbers, being limited by the resolution and accuracy of the AFM measurements, do not necessarily hint the number of wires attached to a patterned line. Figure 3(c) shows that some parts of the exposed -DNAs appear to split from multiple wires. However, this is more likely caused by movement of the weakly bound parts of the DNA wires. In order to identify DNAs in the APS/SiO x region more clearly, combing was carried out on broken lines of oxide. The DNA wires were then exposed at the gaps of the broken lines (Fig. 4) . In fact, DNAs were found at almost all the gaps if they were placed below 5 mm from the top of the APS/SiO x lines.
Another method of identifying the DNAs in the APS/SiO x region would be to make the DNA wire thicker by attaching gold nanoparticles. The surfaces of the gold nanoparticles we synthesized were positively charged 16) and therefore must have bound effectively to the anionic DNA chain in solution. The positively-charged gold nanoparticles did not bind to APS/SiO x in the absence of DNA since both APS and gold nanoparticles were positively charged.
For this purpose, the combed sample [that corresponding to Fig. 1(d) or Fig. 3 ] was dipped into and pulled out of the gold nanoparticle solution a few times. The DNA wires on the surface attached the gold nanoparticles as expected. However, we were not able to obtain a good AFM image of the result in the 20 Â 20 mm 2 window for the whole picture since the attached nanoparticles were still smaller than the image resolution. Instead, we were able to identify the nanoparticle-attached DNAs in finer scans (Fig. 5) . Figure 5(a) shows the image near the bottom of the APS/ SiO x region. The brighter objects on the bright lines are the nanoparticle-attached DNA wires. In the left line, the wire was terminated at the end of the APS/SiO x line, while in the right, the wire was extended into the OTS region by 1 mm. Figure 5 (b) is a tilted view of the right line of Fig. 5(a) . It shows that the nanoparticles attached to DNA in the APS/ SiO x region were much smaller (less than 10 nm) than those in the OTS region (10 -20 nm) . This may imply that the -DNA wires were stretched in the APS/SiO x region. one of Fig. 5(a) , and it was filled with nanoparticles from the very top. Thus, the total length of the DNA wire in this line was about 21 mm, or the average length of stretched -DNA wires. Likewise, the nanoparticles were clearly seen on the top of the second line in Fig. 5(c) , while it was less clear on the third line. Fig. 4 . AFM (topographic) images of -DNA wires on broken line pattern. The DNA wires are clearly seen at the gaps of the broken lines of outgrown silicon. In the right figure, the presence of the DNA wire in the shadowed area was least certain. Thus, the image of this area was enlarged to the left and its contrast was readjusted to show the presence of the DNA wire. 
Discussion
According to a combing model proposed by Bensimon's group, 6 ) one end of a DNA wire is modified at specific pH values, and is preferentially anchored by an enhanced interaction with a surface. Then, the DNA wires near the air-water interface are aligned by a surface tension as the interface moves along the direction of the substrate recession. This picture was supported by Petit and Carbeck 9) who showed that the DNA wires were stretched and aligned perpendicularly to the water meniscus whose shapes were varied by an external pressure in a confined region of hydrophobic poly(dimethylsiloxane) microchannels. In this model, there are reasons the surface should be hydrophobic. The interaction between the anchoring end of DNA and the surface should be greater than the air-water surface tension. A hydrophobic surface maximizes the air-water surface tension and reduces the interaction of the DNA backbone with the surface, compared with a hydrophilic surface. To support the model, Bensimon's group 6) showed that DNA wires were stretched on a hydrophobic surface but not on a hydrophilic surface.
However, the necessity of the hydrophobic surface for combing was challenged in other works [11] [12] [13] in which hydrophilic APS surfaces were used to stretch and align DNA wires successfully. In addition, Nakao et al. 15, 16) stretched and aligned -DNA wires on polymer-coated glasses. Their method involved a suction of a droplet of -DNA solution from a glass surface using a pipette. In this system, the interaction energy is thought to come from the -stacking attraction force between the aromatic groups of the DNA wires and the coated polymers.
Prior to performing the main experiments of this paper, we had tested and reproduced most of their results. We are convinced that -DNA wires can be stretched and aligned when the DNA backbone, not only the anchoring end, interacts strongly with the surface, once the speed of combing is optimized. The strong interaction of our system is the coulombic interaction between the phosphate group of DNA and the -NH 3 þ moiety of APS. In contrast, OTS interacts with DNA through van der Waals (vdW) interaction only. This difference of energy in the interaction with the surface made a clear distinction on the preferential site of DNA attachment.
This distinction should be important at an early stage of the combing since the coulombic interaction is a long range force and the vdW interaction is a short range force. Chances that a DNA wire is anchored into the APS region are much greater than in the OTS region. After a DNA is anchored, the vdW interaction between the wire and the surface (both APS and OTS) increases slowly as the motion of the DNA wire is restricted near the surface. As the water meniscus recedes across the top of the pattern, one end of the anchored DNA wire is exposed to the air and enhances the interaction with the surface further while the rest of the wire undergoes stretching and binding along the APS line as the combing proceeds. Since the vdW interaction keeps increasing as the DNA wire is settled onto the surface, the combing should be finished before the vdW interaction increases excessively.
The pull-out process of the combing has multiple effects. It stretches the DNA wires using a surface tensional force brought about by the receding meniscus. It also washes out DNAs that are weakly bound. Therefore, the speed of combing should be determined such that the surface tensional force is greater than the vdW force but less than the coulombic force, while immersed in solution. In Figs. 3 through 5, no DNA was found that was isolated from the APS/SiO x region. In other words, only those DNAs that interacted strongly with APS withstood the washout. The parts of DNAs that extended into the OTS region were not well stretched and were directed differently from the combing direction as they experienced much smaller effects of the combing due to the weak interaction with the surface while immersed in solution. However, once the sample was pulled out of the solution and dried, the vdW interaction would have increased greatly as the evaporation of the solvent molecules reduced the distance between the DNA and the surface. At this stage, it is hard to remove DNAs from the surface or modify the shape of formation by rinsing or by applying any mechanical force. This implies that the rinsing and drying should also be properly timed.
Conclusions
With the combination of molecular combing and AFM lithographic patterning, we have demonstrated that it is possible to align -DNA wires into parallel arrays on a grafted silicon surface. The lithographic patterning with a hydrophilic APS layer in the middle of a hydrophobic OTS layer maximized the advantages of the molecular combing in stretching and aligning -DNA wires. Most structures were deduced from the AFM images while the difficulty in identifying DNAs in the APS/SiO x region remains to be overcome. This difficulty was eased by employing broken line patterns in the lithography or by attaching gold nanoparticles to the DNA backbone.
